Caulobacters attach to surfaces in the environment via their holdfasts, attachment organelles located at the base of the flagellum in swarmer cells and later at the end of the cellular stalk in the stalked cells which develop from the swarmer cells. There seems to be little specificity with respect to the types of surfaces to which holdfasts adhere. A notable exception is that the holdfast of one cell does not adhere to the cell surface of another caulobacter, except by joining holdfasts, typically forming "rosettes" of stalked cells. Thus, the localized adhesion of the holdfasts to the cells is in some way a specialized attachment. We investigated this holdfast-cell attachment by developing an adhesion screening assay and analyzing several mutants of Caulobacter crescentus CB2A selected to be defective in adhesion. One class of mutants made a normal holdfast by all available criteria, yet the attachment to the cell was very weak, such that the holdfast was readily shed. Another class of mutants made no holdfast at all, but when mixed with a wild-type strain, a mutant of this class participated in rosette formation. The mutant could also attach to the discarded holdfast produced by a shedding mutant. In addition, when rosettes composed of holdfast-defective and wild-type cells were examined, an increase in the number of holdfast-defective cells was correlated with a decrease in the ability of the holdfast material at the center of the rosette to bind colloidal gold particles. Gold particles are one type of surface to which holdfasts adhere well, suggesting that the stalk end and the colloidal gold particles occupy the same sites on the holdfast substance. Taken together, the data support the interpretation that there is a specialized attachment site for the holdfast at the base of the flagellum which later becomes the end of the stalk, but not a specialized region of the holdfast for attachment to this site. Also, attachment to the cell is accomplished by bond formations that occur not only at the time of holdfast production. Thus, we propose that the attachment of the holdfast to the cell is a true adhesion process and that the stalk tip and base of the flagellum must have compositions distinctly different from that of the remainder of the caulobacter cell surface.
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Microbial films on surfaces are very common in the environment and are probably the location of much of the microbial biomass in many ecosystems (7, 14) . Complex associations and structures develop in such microbial films, resulting in such phenomena as gradations of redox potential and interdependent metabolic processes, such as interspecies hydrogen transfer (4, 6) .
Many or most of the bacteria found in microbial surface films are considered adhesive or adherent bacteria. They produce substances or organelles that mediate attachment to primary surfaces, other bacteria, or substances in the complex microbial film. Most attachments are presumed to be relatively nonspecific (5) . Thus, while there is sometimes a range of surfaces to which the adherent bacteria bind more proficiently, a degree of adhesiveness to most surfaces exists.
In analyzing the development and stability of microbial films, one fundamental question to address is what are the molecular constituents used to accomplish adhesion? At the molecular level, what is it that makes a substance "sticky"? For many of the adherent bacteria this is a complex matter to address. The adhesives are often suspected of other functions in addition to adhesion. Extracellular polysaccharides are often presumed to provide adhesive forces but may also act as selective filters or as a means to attract needed ions or fend off toxic materials (5, 29) . Slime produced by gliding bacteria must also have properties that enable gliding motility (15) . Similarly, the lateral flagella of some vibrios enable both adhesion to a surface and motility on that surface (3). Moreover, it seems likely that some adherent bacteria produce more than one adhesive polymer and may produce extracellular substances that are not adhesive (28, 29) . These properties complicate the identification and isolation of the true adhesive materials. Finally, some adherent bacteria may produce different adhesives at different stages of biofilm development or in response to particular types of surface chemistry (18, 30) .
We have chosen to study the adhesion organelle of caulobacters. This group of bacteria adheres tightly to surfaces via a holdfast, an adhesive substance positioned at the base of the flagellum of swarmer cells and, after differentiation of swarmer cells to stalked cells, at the end of the cellular stalk (16, 20) . The stalk is an extension of the cell envelope, which contains the outer membrane, inner membrane, and peptidoglycan of these gram-negative organisms (19) . There is no indication that the holdfast serves any other role in addition to adhesion to surfaces. There is little indication that any other organelle or substance produced by the bacteria has a role in adhesion. One possible exception is the presence of a few polar pili which are elaborated at the same position as the holdfast prior to stalk development (22, 25, 27) and whose role has not been established. However, there seems little likelihood that the long and fragile pili have a major role in firm attachment. The fact that only a small amount of highly localized material mediates attachment to surfaces for many generations (19) supports the supposition that this substance is a very tenacious adhesive and is resistant to degradation of the adhesive character. Thus, the caulobacter holdfast represents a discrete structure which mediates the attachment of biological membranes to an inanimate surface and localized production makes it amenable to many types of unambiguous experimentation. In a first approximation, such a substance seems an appropriate choice for analyzing the molecular details of strong microbial adhesive events.
In addition to attachment to surfaces, one must also consider the mechanism of holdfast attachment to the cell. Holdfasts must attach to caulobacters with a strength at least equal to that shown toward their environmental substrates. Moreover, it is commonly observed by researchers of caulobacters that the cells never attach to one another, except at the region of the holdfast, that is, one holdfast binds to another, producing "rosettes" in monocultures (16, 19) . This is also true for Caulobacter crescentus strains that are defective in the production of the organized protein surface layer (16, 23 (8, 9, 12) . Neither of these classes was examined further.
Mutants that produced no holdfast and showed no other defects were an additional class. Mutant B5 was selected as an example of this class. The complete absence of a holdfast was confirmed by the absence of rosette formation, the lack of attachment to glass surfaces, and negative findings with both FITC-WGA and colloidal gold labeling (2, 16) of the holdfast (the latter is the more sensitive assay). B5 was motile, had stalks, and was sensitive to the polar bacteriophages CbK and CbS, indicating that the absence of holdfast production was not due to a pleiotropic mutation but was likely due to a mutation that in some way directly affected holdfast production.
The last class noted was typified by mutant B9. This strain produced a normally sized, holdfast, as judged by FITC-WGA labeling, but the holdfast was only weakly attached to the cell. In the FITC-WGA-binding procedure, most of the holdfasts were apparently lost during the centrifugation step; most of the holdfasts remaining were unattached to cells (Fig. 1) . Rosettes were infrequent, even in high-density cultures; although some cells could be found attached to a glass cover slip, they were efficiently removed with a gentle stream of water, whereas wild-type cells cannot be removed even with a prolonged, vigorous stream of water (16) . When a surface such as a glass cover slip or powdered alumina was introduced into a culture of B9, after a short time holdfast material could be readily detected on the surface by FITC-WGA labeling despite the fact that no cells were attached (see Fig. 4 ). As for B5, motility, pole-specific CbK and CbS bacteriophage sensitivity, and stalk production were unaffected, making it unlikely that B9 was a pleiotropic mutant.
Ability of the holdfast-defective mutants to bind holdfasts. Rosettes in cocultures of CB2NY66R (which produces a normal holdfast) and B5 were examined by electron microscopy after labeling was done with an LPS-specific antibody and protein A-colloidal gold. The LPS of CB2A-derived holdfast mutants is exposed and can be labeled with a specific antibody, whereas the LPS of CB2NY66R is completely hidden from the antibody by the S layer (Edwards et al., in preparation). In this way, we could distinguish B5 mutant cells in rosettes containing both mutant and wildtype cells.
The B5 mutant was readily detected in rosettes (Fig. 2 dal gold particles. However, in the B5-CB2NY66R cocultures, the holdfast material at the centers of rosettes was often not labeled, and when it was labeled, the intensity was variable. This variability was scored and correlated to the ratio of B5 to CB2NY66R cells in the rosettes (Fig. 3) . At high ratios of B5 to CB2NY66R cells, colloidal gold labeling was absent or reduced to barely detectable levels.
Mixed rosettes with a high proportion of B5 cells likely also contained less holdfast material than did rosettes of the same size but composed of only wild-type cells. Almost surely this possibility partly explains the trend toward the reduction of colloidal gold labeling of the centers of mixed rosettes as the ratio of B5 to CB2NY66R cells increased. However, in our experience, a holdfast that is not attached to a surface will be labeled positively with colloidal gold particles. As such, this labeling method is our most sensitive indicator of the presence of a holdfast. The frequent occurrence of the absence of label or a barely detectable level of label in the center of a rosette with a large number of B5 cells ( Fig. 3 and 2A) is contradictory unless there was competition with the gold particles for attachment to the holdfast. We tentatively conclude that the stalk ends of B5 cells were binding to the same regions of the holdfast as were colloidal gold particles and, at a minimum, this binding explains the instances of no label. A corollary is that the interaction between the holdfast and the colloidal gold was not strong enough to induce displacement of the B5 cell stalk ends in the mixed rosettes. Shed holdfasts of mutant B9. The shed holdfasts of B9 were examined with a panel of FITC-labeled lectins that covered most saccharides detectable by currently available lectins. This was done by first attaching the shed holdfasts to alumina particles. No differences in lectin binding were noted between mutant and wild-type holdfasts. That is, strong labeling occurred with FITC-WGA (N-acetylglucosamine specific), and weaker binding was detectable with Dolichos biflorus lectin and soybean agglutinin (both specific for N-acetylgalactosamine). We noted that the latter activities were in contrast to our previous findings with CB2A: we reported only FITC-WGA binding (16) .
Cocultures of the B5 and B9 mutants in the presence of glass cover slips was also done to determine if the B5 cells could attach to shed B9 holdfasts. The holdfast-defective B5 cells could indeed bind to patches of B9 holdfast material on the glass surface (Fig. 4) . Under the conditions of this experiment, cover slips exposed to the wild-type strain CB2A contained 2 x 106 to 3 x 106 cells per cm2. Cover slips simultaneously exposed to B5 and B9 contained 5 to 25% of the wild-type level of attached cells. Fewer than one cell per field was scored for either B5 or B9 when cells were exposed separately to cover slips. The lower extent of cell attachment for the B5-B9 coculture, as compared with that for the CB2A culture, was likely due to the requirement that a B5 cell must precisely attach its stalk end to a patch of holdfast material, while a CB2A cell (with an attached holdfast) need only make firm contact with the glass surface.
Holdfast material attached to a surface was examined by electron microscopy to determine whether any other material derived from the cell was uniformly attached to the shed holdfast. The colloidal gold label was used to reliably demonstrate the holdfast. There was no visible stalk structure or cell membrane attached to any holdfast (Fig. 5) . With some regularity a flagellum was associated with a patch of holdfast material. The flagellar filaments had hooks but no additional rings associated with a flagellar "motor". As such, these filaments were typical of those that are normally discarded during development (13 Quantitation of the effect of the ratio of wild-type to holdfast-defective (holdfast-minus) cells in rosettes on the ability of colloidal gold particles to bind to the holdfast material. See Fig. 2 for details. The y axis is derived from manual scoring in which 0 represents no detectable label, 1 represents the minimum level of detectable label above the background, and 4 represents the maximum level seen.
tected. An unexpected and interesting class was that of mutants which produced a seemingly normal holdfast which failed to remain firmly attached to the cell. This type of mutant, in combination with the holdfast-defective mutants, has provided new insight into the nature of the attachment of the stalk to the cell. The evidence in this paper suggests the presence of a specific attachment site that bonds with the holdfast, based only on the adhesive nature of the holdfast. If covalent bond formation is part of this attachment process at all, it must be possible for bond formation to occur after both the attachment site and the holdfast are exported to the cell surface.
It would appear that the B5 and B9 mutants are complementary with respect to the forces that attract the holdfast and the polar region of the cell. That is, B5 seems to have nothing wrong with its holdfast attachment site but fails to make a holdfast, while B9 produces a normal holdfast but seems to have some alteration in the holdfast attachment site.
We emphasize that the holdfast attachment site is in the polar region. Although the exact time of holdfast appearance has not been determined, the holdfast is already present on the newly divided swarmer cell along with other polar organelles, such as the flagella (19) . In fact, it is probably the motile swarmer cell, with its ability to contact a surface with force, that is the most effective cell type in attaching to surfaces. Indeed, the likelihood of motile cells making more frequent collisions with the surface was the principle once used to develop a motility assay for caulobacters, based on the rate of attachment (17) .
This specific interaction between the holdfast and the attachment site is in our view more credible if it is clear that the mutations in B5 and B9 are quite specific for the adhesion organelle. A major potential complication is the possibility of pleiotropic effects. It is well documented that one defect at the pole is frequently accompanied by defects in one or more other polar features, presumably because of a complex hierarchy of interconnected events that lead to coordinate expression of the polar structures (8, 9, 12) . For example a loss of adhesiveness and motility has often occurred as a consequence of selection for polar phage CbK-resistant mutants. However, we found no other abnormality in B5 or B9, including such things as an apparently normal discarded flagellum in B9. That is, there was no indication of additional rings or other flagellar motor components on the discarded flagellar filaments which might indicate a general structural instability in the polar region. This absence of pleiotropic effects also extends to difficulties in division, which we have seen associated with some pleiotropic mutations (R. I. Merker and J. Smit, unpublished observations).
Another possibility for the gross phenotype exhibited by the B9 holdfast-shedding mutants is the so-called "abscission" phenotype described by Poindexter (20) . Strains exhibiting this phenotype occasionally produce stalks with very little cell body attached, possibly because of an aberrantly positioned division constriction. The presence of stalks on shed holdfasts might have been missed by light microscopy. However, examination of the discarded holdfast material by electron microscopy eliminated that possibility. Moreover, sodium dodecyl sulfate-polyacrylamide gel electrophoretic analysis of alumina particles with attached B9 holdfasts did not reveal any significant amount of membrane proteins (data not shown). However, this evidence is weakened by our lack of quantitative assays for the amount of holdfast material attached to the alumina. The flagella seen attached to some of the holdfast patches may have detached from the cell at the time of holdfast detachment from the cell, as part of a normal developmental process, or may have come from another cell, having been collected from the medium via the adhesive nature of the attached holdfast.
We also found nothing detectably wrong with shed B9 holdfasts. The material adhered to glass and alumina surfaces, was labeled correctly with lectins, bound colloidal gold particles and, most importantly, was able to stick to the bare attachment sites available on B5 cells. We conclude then that the defect expressed in B9 lies within the polar attachment site and not the holdfast material. Recently, using transposon TnS insertion mutagenesis, we produced mutants with the same phenotype. In all such mutants, the transposon mapped to a region of the chromosome that was distinct from that of other holdfast-related genes (D. Mitchell and J. Smit, submitted for publication).
The correlation of the degree of colloidal gold binding to holdfasts and the presence of B5 cells in mixed rosettes suggest that the holdfast attachment site occupies the same region of the holdfast as is used for attachment to surfaces encountered in the environment. This hypothesis argues that there does not seem to be a structural polarity resulting in a specialized region of the holdfast that is adapted specifically for attachment to the polar attachment site and is distinguished from regions devoted to generalized adhesion.
Logically, then, the attachment site must be the ideal surface for the holdfast material to adhere to, since the strength of attachment presumably should be greater than or equal to the combined bond forces achieved in the attachment of the holdfast to the various surfaces encountered in the environment. In our attempts to discover the chemical and physical bases for strong adhesion by caulobacter holdfasts, it seems that understanding the arrangement or the type of molecules in the attachment site (and the alterations There are unique challenges in the purification and chemical characterization of an organelle that sticks to most surfaces, that is at least primarily a polysaccharide, and that is only produced in small amounts by the cell. The shedding mutants appear to offer an ability to at least more readily separate the holdfast material from the rest of an otherwise intact cell and should prove to be an important part of the biochemical characterization of the natural glues produced by caulobacters.
